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Using (106 ± 4) × 10 6 ψ(3686) events accumulated with the BESIII detector at the BEPCII e + e − collider, we present the first measurement of decays of χc1 to vector meson pairs φφ, ωω, and ωφ.
The branching fractions are measured to be (4.4 ± 0.3 ± 0.5) × 10 −4 , (6.0 ± 0.3 ± 0.7) × 10 −4 , and (2.2 ± 0.6 ± 0.2) × 10 −5 , for χc1 → φφ, ωω, and ωφ, respectively, which indicates that the hadron helicity selection rule is significantly violated in χcJ decays. In addition, the measurement of χcJ → ωφ provides the first indication of the rate of doubly OZI-suppressed χcJ decay. Finally, we present improved measurements for the branching fractions of χc0 and χc2 to vector meson pairs.
PACS numbers: 14.40.Pq, 12.38.Qk, 13.20.Gd, 13.25.Gv Decays of the χ cJ (J = 0, 1, 2) P-wave charmonium states are considered to be an ideal laboratory to test QCD theory. The initial theoretical calculations of χ cJ exclusive decays into light hadrons predicted branching fractions that were smaller than the experimental measurements [1] . With the inclusion of the color-octet mechanism [2] , calculations of χ cJ decays into pairs of pseudoscalar mesons and pairs of baryons came into reasonable agreement with the experimental measurements, indicating the importance of the color-octet mechanism.
In the case of χ cJ decays into pairs of vector (J P C = 1 −− ) mesons V V , where V is an ω or φ, the branching fractions for χ c0/2 decays to φφ and ωω have been measured to be at the 10 −3 level [3, 4] , which is much larger than predictions based on perturbative QCD calculations [5] . Decays of the χ c1 into φφ, ωω and ωφ violate the helicity selection rule (HSR) and are expected to be highly suppressed [6] . In addition, the decays χ cJ → ωφ are doubly OZI suppressed and have yet to be observed. Recently, long-distance effects in χ c1 decays [7, 8] have been proposed to account for the HSR violation. Precise measurements of χ c1 → V V decays will help clarify the influence of long distance effects in this energy region.
In this Letter, we report measurements of χ cJ decays into φφ, ωω, and ωφ modes, where φ is reconstructed from
, and π 0 from γγ. The data samples used in this analysis consist of (106±4)×10 6 ψ ′ decays and 42.6 pb −1 of continuum data at √ s = 3.65 GeV acquired with the BESIII detector [9] .
The cylindrical core of the BESIII detector consists of a helium-gas-based Main Drift Chamber (MDC), a plastic scintillator Time-of-Flight system (TOF), a CsI(Tl) Electromagnetic Calorimeter (EMC), and a muon counter. The charged particle and photon acceptance is 93% of 4π, and the charged particle momentum and photon energy resolutions at 1 GeV are 0.5% and 2.5%, respectively. The BESIII detector is modeled with a Monte Carlo (MC) simulation based on geant4 [10, 11] . The optimization of the event selection and the estimation of physics backgrounds are performed with Monte Carlo simulations of ψ(3686) inclusive/exclusive decays [12] . The final states of interest are γ2(
Event candidates are required to have four well reconstructed charged tracks with net charge zero, and at least one, five, or three good photons, for φφ, ωω, and ωφ, respectively.
Electromagnetic showers in BESIII detector are reconstructed from clusters of energy deposits in the EMC. The energy deposited in nearby TOF counters is included to improve the reconstruction efficiency. A good photon is a shower in the barrel region (| cos θ| < 0.8) with at least 25 MeV energy deposition, or in the endcaps (0.86 < | cos θ| < 0.92) with at least 50 MeV energy deposition, where θ is the polar angle of the shower. Showers in the region between the barrel and the endcaps are poorly measured and excluded. Timing requirements are used in the EMC to suppress electronic noise and energy deposits unrelated to the event.
Charged tracks are reconstructed from MDC hits. Each charged track is required to be in the polar angle region | cos θ| < 0.93 and to pass within ±10 cm of the interaction point in the beam direction and within ±1 cm in the plane perpendicular to the beam.
A kinematic fit constrained by the initial e + e − fourmomentum in the lab frame is applied to the decay hypotheses ψ(3686) → γ2(K + K − ), 5γ2(π + π − ), and 3γK
The final state photons are identified with the photon-charged-track combination that has a minimum χ 2 4C value (for definition of χ 2 4C , see [13] ) when sampling all candidate photons. The vertex of all charged tracks must be consistent with the measured beam interaction point. The χ 2 4C selection efficiency is optimized using the ratio of signal to backgrounds in the data:
, two kaons are identified with the requirements that P (K) > P (π) and P (K) > P (p), where P (X) is the probability of hypothesis X as evaluated from the TOF and dE/dx information.
The mass windows for resonance candidates are set according to the optimized ratio of signals to backgrounds in the data. The π 0 candidates are selected by requiring 0.1 < M γγ < 0.15 GeV/c 2 . The φ and ω candidates are selected by requiring
, the two φ candidates with the minimum value of (M (1)
2 are taken as the signal. No artificial φ-pair peaks are produced when this selection criteria is applied to MC simulation of the process χ cJ → 2( Fig. 1(a) , where a clear φφ signal can be seen. The M K + K − distribution, after requiring that the other two kaons are consistent with being a φ, is shown in Fig. 1(b) . A φ peak is clearly seen with very low background. The φφ invariant mass distribution for the selected events is shown in Fig. 2 (a) , where χ cJ signals are clearly observed. The MC simulation shows that the peaking backgrounds, i.e., backgrounds that produce χ cJ signal peaks, are mostly from ) is the number of MC events falling into the signal box (A or B). These backgrounds will be indistinguishable from signal events; therefore, we fix their normalization, independently for each χ cJ peak, in the final fit. 
To study χ cJ → ωω decays into the 2(π + π − π 0 ) final state, two π 0 candidates are selected by minimizing the value of (M (1)
γγ − 0.135) 2 when sampling all four-photon combinations from the selected five photons. The π + π − π 0 combination closest to the nominal ω mass is taken as one ω candidate, and the remaining three pions are assumed to be from the other ω. No artificial ω-pair peaks are produced from the application of this ω-selection criteria to a MC simulation for χ cJ → 2(π + π − π 0 ). A scatterplot of the mass for one π + π − π 0 pair versus the other π + π − π 0 pair is shown in Fig. 1(c) , and the M π + π − π 0 distribution for the three pions recoiling against an ω candidate is plotted in Fig. 1(d) . The ωω mass spectrum is shown in Fig. 2  (c from χ cJ → φφ → 2(π + π − π 0 ) and χ c0/2 → ηη → 2(π + π − π 0 ) do not survive our selection criteria. As in the χ cJ → φφ mode, the sizes of the peaking backgrounds from χ cJ → ωπ + π − π 0 and 2(π + π − π 0 ) are evaluated by selecting data events located in sideband boxes A and B, respectively, as indicated in Fig. 1(c) . The peaking backgrounds are normalized according to the ratio of MC events falling into the signal region and those falling into the sidebands. The normalization of these peaking backgrounds is fixed in the final fit.
To study χ cJ → ωφ and φφ decays into the
final state, the photon pair with invariant mass closest to the π 0 nominal mass is taken as the π 0 candidate. A scatterplot of masses for K + K − pairs versus that for π + π − π 0 pairs is shown in Fig. 1(e) , and the M π + π − π 0 distribution for events satisfying φ → K + K − is shown in Fig. 1(f) , where the ω → π + π − π 0 and φ → π + π − π 0 signals are clearly seen. The φφ and ωφ mass spectra are shown in Figs. 2 (b) and 2 (d) , respectively. Similar to the case for χ cJ → φφ → 2(K + K − ), the peaking backgrounds from the χ cJ → φπ + π − π 0 or φK + K − , and
are evaluated by selecting data events falling into sideband boxes A and B, respectively, as indicated in the inserted plot in Fig. 1(e) . The peaking backgrounds are normalized according to the ratio of MC events falling into the signal region and those falling into the sidebands. The normalization of these peaking backgrounds is fixed in the final fit.
The numbers of observed events are obtained by fitting the M V V distributions. The observed line shapes are described with modified χ cJ MC shapes plus backgrounds. Possible interference effects between the signal mode and the peaking background modes are not considered for all modes. The original χ cJ MC shapes are generated by a relativistic Breit-Wigner incorporated with full helicity amplitudes in the EvtGen package [14] , and their masses and widths are set to the nominal values [15] . In the fits they are modified by convolving them with Gaussian functions G(M V V −δM J , σ J ), where δM J and σ J correct the χ cJ mass and width or resolution, respectively, in the simulation. The values of δM J and σ J , determined from the fits, are less than 1 MeV for all modes and from 1 to 5 MeV, respectively. Backgrounds from QED processes, which are estimated from the application of a similar analysis to the continuum data, are negligible. For χ cJ → φφ, the peaking backgrounds are fixed to the sideband estimates as mentioned above, and other combinatorial backgrounds are parameterized by a second-order polynomial with parameters that are allowed to float in the fit. For all modes, a maximum-likelihood technique [16] is employed to estimate parameters. After projecting the best fit into the binned histograms shown in Fig. 2 , we determine χ 2 /ndf = 0.46 for χ cJ → φφ → 2(K + K − ) and 0.50 for the χ cJ → φφ →
where ndf is the number of degrees of freedom. The fitted results are plotted in Fig. 2(a) and (b) , respectively. The numbers of signal events are listed in Table I .
For the χ cJ → ωω channel, backgrounds include the peaking backgrounds estimated from ω sidebands indicated in Fig. 1 (c) , non-χ cJ backgrounds (ψ(3686) → γωω) fixed at the normalized MC shape of phase space using the data information, and smooth combinatorial backgrounds that are parametrized by a second-order polynomial. The χ 2 /ndf for the fit is 0.97. The fit results are shown in Fig. 2 (c) .
To extract the signal yield, as well as to estimate the statistical significance for the χ cJ → ωφ mode, a simultaneous fit is performed to M ωφ distributions both in ωφ signal and sideband regions of boxes A and B [see Fig. 1 (e) ]. The peaking backgrounds are normalized according to the ratio of MC events falling into the signal region to those falling into the sideband regions for the ψ(3686) → γφπ
events that are within the χ cJ mass region. Because of the low signal yield in this mode, the parameters δM J and σ J of the modified MC shapes are fixed at the values determined in the fit of
The χ 2 /ndf is 0.62. The fit results are shown in Fig. 2 (d) , and the numbers of signal events are listed in Table I . branching fractions (B) for χcJ → φφ, ωω, and ωφ. Here Nnet is the number of signal events, ǫ is the detection efficiency. The upper limit is estimated at the 90% C.L.
179 ± 16 12.8 9.2 ± 0.7 ± 1.0 χc1 → φφ 112 ± 12 15.3 5.0 ± 0.5 ± 0.6 χc2 → φφ 219 ± 16 14.9 10.7 ± 0.7 ± 1.2
991 ± 38 13.1 9.5 ± 0.3 ± 1.1 χc1 → ωω 597 ± 29 13.2 6.0 ± 0.3 ± 0.7 χc2 → ωω 762 ± 31 11.9 8.9 ± 0.3 ± 1.1
The uncertainties due to the modified χ cJ MC shapes are estimated by replacing them with Breit-Wigner functions convolved with the instrumental resolution functions in the fits. The quality of the resulting fit is not as good as using the modified MC shapes. The difference of signal yields varies from 1% to 4%, and this is included as a systematic error.
The detection efficiencies are determined from MC simulations for the sequential decays ψ(3686) → γχ cJ → V V , V decays into the selected final state. The decays ψ(3686) → γχ cJ are generated by assuming a pure E1 transition. The χ cJ → V V decays and subsequent decays of the V are modeled with helicity amplitudes that provide angular distributions consistent with the data.
The systematic uncertainties on the χ cJ decay branching fractions arise from the π ± and K ± tracking, K ± identification, EMC shower reconstruction, number of ψ(3686) decays, kinematic fitting, modified MC shapes, background estimation, χ cJ signal extraction and uncertainties from branching fractions of ψ(3686) → γχ cJ ,
The uncertainties caused by MDC tracking are estimated to be 2% for each charged track [17] . The uncertainty due to K ± identification is evaluated to be 2% per kaon [17] . The uncertainty due to the photon reconstruction is determined to be 1% for each photon [17] . The uncertainty in the number of ψ(3686) decays is 4% [12] . The uncertainties due to the kinematic fit are determined by comparing the efficiency at the given χ 2 4C values for the MC sample to control samples selected from data, i.e, ψ(3686) → γφφ → γ2(
The uncertainties of the peaking backgrounds for χ cJ → φφ → 2(K + K − ) are evaluated by comparing the sideband estimates to the exclusive MC simulation on the modes χ cJ → φK + K − and 2(K + K − ), while for other modes the uncertainties are estimated by varying the size of sideband boxes. The uncertainties of the peaking background estimates are less than 3%. The uncertainty from the MC normalization factor is found to be negligibly small. The total systematic uncertainties are 10% for χ cJ → φφ → 2(
The branching fractions for χ cJ decays are determined from B = N net /(N ψ(3686) ǫ i B i ), where N net and ǫ are the number of net signal events and the detection efficiency, respectively. The detection efficiencies are listed in Table I . Here N ψ(3686) = (106 ± 4) × 10
6 [12] is the number of ψ(3686) events, and i B i is the product of world average branching fractions values [15] for ψ(3686) → γχ cJ and the other meson decays that are involved. For the χ cJ → φφ → K + K − π + π − π 0 branching fraction we double the efficiency listed in Table I since our analysis sums over the two combinations for each φ to decay to either K + K − or π + π − π 0 . The resulting branching fractions are listed in Table I . The statistical significance of χ cJ → ωφ is derived from the change of −2 ln L obtained from fits with and without each of the three χ cJ → ωφ signal components. We obtain a significance of 4.1σ for χ c1 → ωφ and 1.5σ for χ c2 → ωφ. The significance of the χ c0 → ωφ signal is 10σ. Using the Bayesian method, the upper limit for the number of signal events of the χ c2 → ωφ mode is 13 at the 90% confidence level (C.L.). The branching fractions for χ cJ → φφ measured in 2(K + K − ) and (K + K − )(π + π − π 0 ) final states are combined into a weighted average, where common systematic uncertainties are counted only once.
In summary, the HSR suppressed decays of χ c1 → φφ, ωω, and the doubly OZI suppressed decay χ c0 → ωφ are observed for the first time. The branching fractions are measured to be (4.4 ± 0.3 ± 0.5) × 10 −4 , (6.0 ± 0.3 ± 0.7) × 10 −4 , and (1.2 ± 0.1 ± 0.2) × 10 −4 , for χ c1 → φφ, ωω, and χ c0 → ωφ, respectively, We also find evidence for χ c1 → ωφ decay with a signal significance of 4.1σ. The branching fractions for χ c0/2 → φφ, ωω decays are remeasured with a precision that is better than those of the current world average values [15] . These precise measurements will be helpful for understanding χ cJ decay mechanisms. In particular, the measured branching fractions for χ c1 → V V indicate that HSR is significantly violated and that long distance effects play an important role in this energy region. The long distance effects from the intermediate charmed meson loops in χ c1 → φφ and ωω decays [7, 8] can contribute to the branching fractions at the level of 10 −4 but are more than an order of mag-
